Regulatory elements interacting with DNA-binding proteins have been investigated in the promoter sequence of the early PE38 gene in the Autographa californica nuclear polyhedrosis virus (AcNPV). A GATA motif located 50 nucleotides upstream of the PE38 transcriptional start site is recognized differentially in the course of infection. As demonstrated by footprint and gel mobility shift assays, the GATA sequences TTATCT are protected by nuclear extracts from uninfected Spodoptera frugiperda cells and from S. frugiperda cells early postinfection (p.i.) but not by S. frugiperda cell extracts isolated 40 h p.i. We have compared the binding capacity of the insect GATA-like protein with that of the vertebrate GATA-1 factor identified as erythroidspecific factor. Our results indicate that a factor present in mouse erythroleukemia cells, presumably GATA-1, can bind to the insect GATA motif and vice versa. Evidence from transient expression studies suggests that the mutated GATA sequences do not influence PE38 promoter activity in cell culture.
The baculovirus Autographa californica nuclear polyhedrosis virus (AcNPV) is an insect DNA virus with the potential to encode about 100 genes. Viral gene expression is coordinately regulated and sequentially ordered in a cascade fashion (for reviews, see references 1, 6, and 10). To date, the molecular mechanism by which temporal regulation of AcNPV gene expression occurs is poorly understood. Since baculoviruses are used as highly efficient gene expression vectors as well as a model system to elucidate viral strategies in a nonvertebrate host, viral regulation of gene expression is of considerable interest.
At least two AcNPV genes, immediate early gene 1 (IE1) and immediate early gene N (IEN), are able to stimulate expression of other viral genes in a transient expression system (2, 17) . cis-Acting regulatory elements in the promoter of the early 35K gene have been identified by analyzing recombinant viruses carrying a reporter gene under the control of the mutated 35K promoter (5) . From this and other studies it has been suggested that the control elements for the early baculovirus promoters differ substantially from those for late promoters. The results of in vitro transcription experiments with the early transcribed baculovirus gene gp64 (20) support the notion that the baculovirus early promoters are recognized by the DNA-dependent RNA polymerase II of the host.
In an attempt to gain some understanding of how the earlyto late-phase transition in viral gene expression is effected, we have initiated studies aimed at the identification of early viral regulatory genes. Recently, we described the PE38 gene, representing one of the major early transcripts. On the basis of data on the sequence, which includes a novel zinc finger motif (18) , we postulate that PE38 might have a regulatory function (22) . The objective of the study presented here was to detect the regulatory elements upstream of the PE38 gene interacting with DNA-binding proteins in response to viral infection. Our findings indicate differential * Corresponding author.
factor binding at the PE38 promoter when nuclear extracts of uninfected and infected (40 h postinfection [p. i.]) Spodoptera frugiperda cells are used. One of the sequence motifs protected by a factor(s) present in uninfected and earlyphase infected S. frugiperda cells but missing in extracts of late-phase infected S. frugiperda cells includes a GATA motif.
The hexanucleotide A/T GATA T/C has been found to be recognized not only by a number of vertebrate proteins but also by invertebrate and fungal proteins, all containing highly conserved zinc finger motifs (7, 12, 23, 35, 36, 39) . The best-characterized member of the GATA family is the erythroid-specific GATA-1 factor, formerly Eryfl (8), GF-1 (26) , or NF-E1 (42) , which has been detected in human, mouse, and chicken erythroid cells (29) . From our data, we conclude that an insect GATA-binding protein detectable in uninfected and early-phase infected S. frugiperda cells but not detectable during the very late phase of AcNPV infection interacts with a cis-acting element in the early transcribed PE38 promoter.
MATERIALS AND METHODS
Cells and viruses. S. frugiperda IPLB21 cells (41) were grown as monolayer cultures in TC100 medium supplemented with 10% fetal calf serum (14) . Monolayers of S. frugiperda cells were inoculated with AcNPV plaque isolate E (38) at a multiplicity of 10 PFU per cell, as described earlier (22 The pPE38-CATMUT plasmid was constructed by insertion of the ligated oligonucleotides DX and MUT4 into the XhoI and blunt-ended BglII sites of pBLCAT3. The promoter constructs were all resequenced.
Preparation of nuclear extracts. Nuclear extracts were prepared from uninfected cells and at different times with AcNPV-infected S. frugiperda cells essentially as described by Parker and Topol (30) . In contrast to the given protocol, the nuclear extract was not precipitated after nucleus lysis but was dialyzed directly against 40 mM KCl-10 mM Tris HCl (pH 8)-0.1 mM EDTA-1 mM dithiothreitol-10% glycerol for 4 h. After the dialyzed extracts were cleared by centrifugation, the aliquots were frozen in liquid N2 and stored at -70°C. The protein concentration was usually 1 to 2 mg/ml. DNase I footprinting. Published procedures (13, 19) (27) , genomic footprinting was performed by ligation-mediated polymerase chain reaction (PCR) (28, 31) . The oligonucleotide primers used for the Sequenase reaction (primer A), PCR amplification (primer B), and labeling reaction (primer C) are shown in Fig. 9 In vitro footprinting analysis of proteins binding to the PE38 promoter. In vitro DNase I footprinting of the 665bp HinclIStyI fragment, representing the coding strand, was carried out to examine the binding of nuclear proteins to sequences preceding the transcriptional start site of PE38. In the presence of crude nuclear extracts from uninfected or infected (40 h p.i.) S. frugiperda cells, a striking difference in factor binding is observed. As depicted in Fig. 1 analyzed, mainly three regions were protected. These regions are located in the inverted repeats I' and I and between nucleotides -50 and -56 relative to the transcriptional start (Fig. 1) . Similar results were obtained with extracts from cells 3 h p.i. (data not shown) but not with extracts prepared 40 h p.i. (Fig. 1) .
A comparison of the protected sequences with known protein-binding motifs revealed a hexanucleotide, AGA TAA, between nucleotides -50 and -55 that was previously identified as a binding site for the erythroid-specific factor GATA-1 (8, 26, 42) . Recent studies have demonstrated that the GATA motif is recognized by a family of GATA proteins present not only in vertebrates (12, 23, 35, 36) .
Insect GATA-like binding protein in the course of infection. We have investigated the binding of the insect GATA-like protein during the course of infection by performing gel mobility shift assays and in vitro footprinting analysis.
Crude nuclear extracts were prepared from uninfected or infected S. frugiperda cells at 3, 6, 12, 24, and 40 h p.i. When in vitro DNase I footprinting of the 665-bp HincII-StyI fragment was performed, protection of G1TATCT sequences was observed with extracts from uninfected S. frugiperda cells and from cells at 3, 6 , and 12 h p.i. (see Fig.  4b ).
The probe used in the mobility shift experiments was an oligonucleotide, designated Ac-GATA, containing the GATA motif of the PE38 promoter (see Fig. 5a ). After the Ac-GATA oligonucleotide with extract from uninfected cells or from infected cells prepared 3 or 6 h p.i., one major DNA-protein complex whose intensity had decreased by 12 and 24 h p.i. and declined further at 40 h p.i. was visible. Additional minor shifted complexes were noted but were not investigated further. As demonstrated in Fig. 2 , doubling the amount of extract resulted in a weak DNA-protein complex even at 40 h p.i. In order to challenge the specificity of these protein-DNA complexes, the binding was competed for by various synthetic oligonucleotides. In uninfected cell extracts, the binding was competed for by an excess of unlabeled Ac-GATA competitor but not by two nonspecific competitor oligonucleotides (Fig. 3) . One of these nonspecific competitors, AcNPVSC, includes the transcriptional start site of PE38; the other, Ad12MLP, comprises a downstream part of the major late promoter of adenovirus type 12 DNA. In contrast, the weak complex produced by infected (40 h p.i.) cell extracts was nonspecific, since the Ac-GATA oligonucleotide did not compete and the intensity of the shifted complex was slightly increased by competition with the two nonspecific oligonucleotides AcNPVSC and Adl2 MLP. Since we could not detect specific binding in S. frugiperda cell extracts prepared 40 h p.i., we conclude that the protein complex formed with the Ac-GATA oligonucleotide is quite different from extracts of uninfected and of early-phase infected S. frugiperda cells.
To further investigate the specificity of binding, DNase I footprint analyses were performed with crude nuclear extracts of uninfected S. frugiperda cells and specific or nonspecific competitors. As depicted in Fig. 4a , footprint competition with the Ac-GATA oligonucleotide led to unprotected GTTATCT sequences, but the nonspecific Adl2 MLP oligonucleotide did not prevent protection of the GATA motif. Apart from the specific binding to the GATA Fig. 2 and 3 . Nonspecific competitors were the oligonucleotides Ad12MLP and AcNPVSC. The oligonucleotides Ac-GATA, BCF1, GATA-1, I (GATA motif of the ME53 promoter), and II (GATA motif of the 35K promoter) were used as specific competitors. The arrowheads indicate the major shifted complexes. The nucleotide sequences of Ac-GATA and GATA-1 are shown below, and the GATA consensus sequences are boxed.
sequences, these results indicate that the region close to the GATA motif cannot be recognized by other factors in uninfected extracts when the GATA binding protein is competed out.
Binding of the insect GATA-like protein and recognition of the Ac-GATA motif are not restricted to insect cells. From the DNA-binding data, we conclude that a host-specific nuclear protein binds to the Ac-GATA oligonucleotide in a sequence-specific manner during the early phase of infection. The question arose whether the specific binding is mediated by the hexamer sequence AGATAA, as has been shown for GATA-binding proteins of other species. Therefore, we performed competition experiments using oligonucleotides of the same length as Ac-GATA, including the GATA-1 motif of the chicken ,B-globin enhancer (8), designated GATA-1, or of the Bombyx chorion factor I (35), termed BCF1. These three oligonucleotides share the minimal consensus sequence AGATAA without any additional sequence similarity. As demonstrated in Fig. Sa , the Ac-GATA probe was shifted by extracts from uninfected cells, and the formation of this complex could be competed for by the GATA-1 and BCF1 oligonucleotides. The results of additional experiments indicated that the ratio of molar excess for each specific competitor (Ac-GATA, GATA-1, and BCF1) was nearly the same. The converse experiment was performed with the GATA-1 oligonucleotide as probe (Fig.  5b) , confirming that the GATA-1 oligonucleotide was able to bind S. frugiperda nuclear protein specifically.
Since the GATA-1 oligonucleotide could also be used as specific competitor in DNase I footprinting experiments (Fig. 4a) , we conclude that the GATA-1 motif in the chicken ,3-globin enhancer can be recognized by an insect GATAbinding protein in S. frugiperda cells.
In light of these results, we asked whether the GATA motif of the PE38 promoter could function as a binding site also for a vertebrate GATA protein. Since the GATA-1 oligonucleotide, including the recognition sequences of the erythroid-specific GATA-1 factor, could act as a specific competitor for the insect GATA-like protein, we tested nuclear extracts of mouse erythroleukemia (MEL) cells for binding to the viral GATA motif. The existence of the GATA-1 factor interacting with the human ,-globin enhancer in induced and uninduced MEL cells has been demonstrated recently (42) . For gel mobility shift assays, we used two oligonucleotides as probes, GATA-1 or AcsGATA, which is eight nucleotides shorter than Ac-GATA (Fig. 7a) . Each oligonucleotide, the vertebrate GATA-1 or the invertebrate Ac-sGATA, formed two major complexes with extracts from uninduced MEL cells that migrated at approximately the same position ( Fig. 6a and b) . Fig. 7 . The assay conditions and competitors are comparable to those described in the legends to Fig. 2, 3 , and 5 except that 2 ,ug of nuclear extract from MEL cells was used.
these complexes was competed for by GATA-1 or AcsGATA but not by the nonspecific oligonucleotide Ad12MLP (Fig. 6a and b) . These results therefore suggest that the erythroid-specific GATA-1 factor binds specifically to a GATA motif in the baculovirus promoter PE38.
In contrast, in nuclear extracts of Drosophila KC cells or HeLa cells, no specific complexes which corresponded to the GATA motif were formed (data not shown). Several groups have analyzed the level of GATA gene expression in a variety of cell culture lines indicating the presence of nonerythroid GATA-binding proteins, i.e., in HeLa cells (24, 44) . However, GATA-binding proteins have so far not been shown to be expressed in cultured Drosophila cells.
Mutations in the GATA motif abolish specific binding of insect GATA-like protein and GATA-1 factor. Mobility shift assays were carried out with two oligonucleotides, AcsGATA and MUT4, containing the authentic Ac-GATA motif of the PE38 promoter and the mutated form, respectively, to strengthen the notion that an insect GATA-like protein binds to the hexanucleotide TTATCT. The oligonucleotide MUT4 differs from Ac-sGATA in that four nucleotides in the GATA recognition sequence have been altered (Fig. 7b) . Using the oligonucleotide Ac-sGATA as a probe and nuclear extracts from uninfected S. frugiperda cells, we demonstrated that the oligonucleotide MUT4 could not compete for the binding of the GATA-like protein (Fig. 7a) . The converse experiment, in which the oligonucleotide MUT4 was used as probe, resulted in a slowly migrating complex which could be competed for by the unlabeled oligonucleotide MUT4 but not by Ac-sGATA (Fig. 7b) . These results indicate that the complex formed with the oligonucleotide MUT4 is not due to binding of the GATAlike protein. In extracts from MEL cells, no complex with the oligonucleotide MUT4 was observed (Fig. 6c) .
Functional significance of the GATA motif in the PE38 promoter. Since the results of the DNA-binding experiments described above suggest that an insect GATA-like protein specifically binds to the GATA motif in the PE38 promoter, we asked whether the recognition of this motif has functional significance for the activation of PE38 transcription in uninfected S. frugiperda cells. Therefore, regions of the PE38 promoter including the GATA motif or the mutated form were placed upstream of the CAT gene, and the activities of these constructs were evaluated by transient expression in S. frugiperda cells.
The scheme in Fig. 8b outlines the structural features of the constructs pPE38-CAT207 and pPE38-CAT109, both containing the GATA motif coupled to promoter sequences of different lengths. In uninfected S. frugiperda cells, it turned out that the longer construct, pPE38-CAT207, was as efficiently expressed as pPE38-CAT109, indicating the absence of activating sequences in the segment between -67 and -165. Since the mutated GATA sequences (MUT4) have not been shown to specifically bind to the insect GATA-like protein (Fig. 7b) Ac-sGATA (a) or MUT4 (b) as probe. Assay conditions were as described in the legends to Fig. 2 and 3 . The nucleotide sequences of Ac-sGATA (a) and MUT4 (b) are shown below. The GATA consensus sequences are boxed, and the mutated nucleotides are underlined.
ever, transfection of pPE38-CATMUT demonstrates that the level of CAT expression does not change significantly in comparison with the level of pPE38-CAT109 (Fig. 8a) . Even when the GATA motif and sequences up to -40 are lacking (pPE38-CAT82), the PE38 promoter is still active (Fig. 8) . Therefore, the specific binding to the mutated GATA oligonucleotide (MUT4), which is probably not mediated by a GATA factor, presumably does not contribute to promoter activity in this test system. From the results of these experiments, binding of the GATA-like factor does not appear to be responsible for promoter activation in uninfected S. frugiperda cells.
In vivo footprinting analysis of the insect GATA-like binding protein in the PE38 promoter. Transient expression of the PE38 promoter constructs does not necessarily demonstrate the relevance of the GATA motif for the expression of the PE38 gene in vivo. We therefore examined the in vivo DNA-protein interaction at the GATA sequences by the method of in vivo DMS footprinting by ligation-mediated PCR (28) . After treatment of infected S. frugiperda cells with 0.1% DMS at 3 or 46 h p.i., the methylated guanine residues were cleaved with piperidine (27) . The footprinting of the PE38 coding strand containing the GATA sequence was expected to reveal decrease or enhancement (4) of the G residue in the GTTATCT sequence, which was shown to be protected in vitro (Fig. 1) . The pattern of the unprotected G residues is identical in early-phase (3 h p.i.) and late-phase (46 h p.i.) infected S. frugiperda cells, with one exception (Fig. 9) . The G residue close to the GATA sequences is enhanced in early-phase infected S. ftugiperda cells but not in cells at 46 h p.i. This enhanced DMS reactivity might be due to DNA-protein contacts close to the G residue during the early phase of infection. The protection of the GATA motif in vivo has been shown previously by Tsai et al. (40) . Their results from DMS footprinting by ligation-mediated PCR suggest the protection of internal and external G residues of the GATA consensus in the GATA-1 promoter.
Presence of GATA motifs in other early baculovirus promoters. It is expected that early viral promoters include sequence elements recognized by a variety of host factors. Since we identified one of these host recognition sequences in the PE38 promoter, we analyzed other baculovirus promoters for the presence of the GATA motif. A computer search revealed that A/T GATA T/C sequences are detectable in those parts of the AcNPV genome that have already been sequenced. However, GATA motifs at similar positions and in the same orientation as in the PE38 promoter are present only in some of the early promoters, as shown in Fig.  10 . To investigate whether these GATA sequences are able to bind the GATA-like protein, we used two oligonucleotides as specific competitors for the GATA-binding motif of the PE38 promoter. One oligonucleotide includes the GATA motif of the ME53 promoter (I in Fig. Sa) , and the other contains the GATA motif of the 35K promoter (II in Fig. 5a ). The ME53 promoter (21) and the 35K promoter (11) are transcribed during the very early phase of infection without previous viral protein synthesis. As shown by mobility shift assays (Fig. Sa) , both oligonucleotides specifically compete for binding to the Ac-sGATA probe, indicating that the GATA motif in the 35K and ME53 promoters can be recognized also by the insect GATA-binding protein. The functional significance of the GATA motif in these promoters has yet to be determined. 
DISCUSSION
An understanding of early AcNPV gene regulation requires knowledge of the host protein factors involved and the promoter sequence elements upon which they act. We have chosen the promoter of the early transcribed PE38 gene to investigate DNA-protein interactions. Our results in DNase I footprint assays (Fig. 1) (37) . the possibility that cellular or viral factors might have displaced SfNP-1 late during infection.
The specific binding of the GATA-like protein is inhibited by mutation of the AGATAA sequence in the PE38 promoter to CTCGAA. No stable complex of the mutated GATA sequences is formed with SfNP-1 in S. frugiperda cells or with the factor in MEL cells, which presumably represents GATA-1. The same mutation in the chicken ,-globin enhancer has previously been shown to prohibit binding of the GATA-1 factor (8). We also tested PE38 promoter CAT constructs lacking the GATA sequences or containing the mutated or wild-type GATA motif. Since there was no dramatic difference in CAT expression, we conclude that prevention of SfNP-1 binding does not notably affect promoter activation. If SfNP-1 did not contribute to basal promoter activity in cell culture, one could speculate that SfNP-1 binding served as a target for modulating transcription in the course of infection and in different tissues of the infected host organism. The mutated GATA sequences in the chicken P-globin enhancer likewise exhibited a rather slight effect on transient expression (8) . Nevertheless, the functional significance of GATA motifs in the transcription of globin and nonglobin erythroid-expressed genes has been demonstrated by several mutagenesis studies of promoters or enhancers (26, (32) (33) (34) 43) .
Members of the GATA protein family identified in vertebrates as well as invertebrates share highly related zinc finger domains and bind to similar if not identical sequences in the transcriptional regulatory region of a number of different genes. Therefore, it is tempting to speculate that DNA recognition by the GATA transcription factors is highly conserved among different species, although their functions could be unrelated. Our 
